The dynamics of intense ultra-low-frequency (ULF) activity during three successive strong magnetic storms during 29-31 October 2003 are considered in detail. The spatial structure of Pc5 waves during the recovery phases of these storms is considered not only from the perspective of possible physical mechanisms, but as an important parameter of the ULF driver of relativistic electrons. The global structure of these disturbances is studied using data from a worldwide array of magnetometers and riometers augmented with data from particle detectors and magnetometers on board magnetospheric satellites (GOES, LANL). The local spatial structure is examined using the IMAGE magnetometers and Finnish riometer array. Though a general similarity between the quasi-periodic magnetic and riometer variations is observed, their local propagation patterns turn out to be different. To interpret the observations, we suggest a hypothesis of coupling between two oscillatory systemsa magnetospheric magnetohydrodynamic (MHD) waveguide/resonator and a system consisting of turbulence + electrons. We propose that the observed Pc5 oscillations are the result of MHD waveguide excitation along the dawn and dusk flanks of the magnetosphere. The magnetospheric waveguide turns out to be in a meta-stable state under high solar wind velocities, and quasi-periodic fluctuations of the solar wind plasma density stimulate the waveguide excitation.
Introduction: mechanism of Pc5 waves and their impact on particle dynamics
Geomagnetic ultra-low-frequency (ULF) Pc5 waves (with typical periods of a few minutes) are a persistent component of the disturbed magnetosphere. Traditionally, it was supposed that the main source of Pc5 pulsations is the Kelvin-Helmholtz instability (KHI) of the magnetopause engulfed by the solar wind flow (Yumoto & Saito 1980; Kivelson & Pu 1984) . This notion is based on well-established statistical observations of strong growth of Pc5 intensity with the increase of the solar wind velocity (Engebretson et al. 1998; Mathie & Mann 2001) . Jumps or quasi-periodic variations of the solar wind pressure may be an additional source of Pc5 oscillations (Kessel et al. 2004) . Statistical examination of apparent frequencies of solar wind density and magnetospheric oscillations showed that certain discrete frequencies in the Pc5 band occur more often than do other frequencies in the solar wind and magnetosphere (Viall et al. 2009 ). These results argued for the existence of inherent frequencies in the solar wind that directly drive global magnetospheric oscillations at the same discrete frequencies. In addition, magnetospheric pulsations in the Pc5 frequency band can be effectively excited by fluxes of energetic protons with non-Maxwellian distributions in energy or space (Pilipenko 1990 ). However, the latter oscillations are small-scale in the direction along the geomagnetic shells and they are nearly totally screened by the ionosphere from ground magnetometers. The dynamics of waves during magnetic storms is observed to be closely related to that of particles, and various kinds of inter-relationships can occur: resonant (Pokhotelov et al. 1986) or non-resonant (Mager & Klimushkin 2007) excitation of magnetohydrodynamic (MHD) waves by instabilities of energetic particles, modulation of ionospheric fields and currents by quasi-periodic particle precipitation (Engebretson et al. 1991) , modulation of the ring current particles by MHD waves (Southwood & Kivelson 1981) , and energization of the equatorial (Elkington et al. 1999) and auroral (Keiling et al. 2002) electrons by ULF turbulence. To reveal the wave-particle interaction effects from ground-based observations, magnetometer data should be supplemented with ionospheric riometer observations, indicating the level of energetic particle precipitation into the ionosphere.
ULF modulation of precipitating magnetospheric electrons has been revealed by simultaneous magnetic and riometer observations of cosmic noise absorption (CNA; Olson et al. 1980; Kleimenova et al. 1997; Weatherwaxet al. 1997; Posch et al. 1999) . The increased CNA may be related to increased intensity of precipitating electrons or to an increase in the rigidity of their spectrum. ULF waves detected by ground magnetometers, however, are not always accompanied by riometric pulsations (Spanswick et al. 2005) . The opposite situation, when CNA modulation is not accompanied by ground geomagnetic pulsations, is more rare (Krishnaswamy & Rosenberg 1987) .
The most currently accepted mechanism for the modulation of electron precipitation by ULF waves was suggested by Coroniti & Kennel (1970) : a compressional wave component b modulates the growth rate of the electron-cyclotron very-low-frequency (VLF) instability. However, quite often investigations of electron precipitation associated with Pc5 pulsations did not reveal either b (Nose et al. 1998) or background VLF turbulence (Paquette et al. 1994) . Therefore, other mechanisms should be invoked, such as periodic acceleration and precipitation of electrons by the parallel electric field (E ) of a dispersive Alfven wave (Stasiewicz et al. 2000) , or modulation of the fieldaligned potential drop upon Alfven wave interaction with the auroral acceleration region (Fedorov et al. 2004) .
While a general association between geomagnetic storms and relativistic electron enhancements at geosynchronous orbit has been known for some time (Reeves 1998) , the wide variability of the electron response and the puzzling time delay (approx. 1-2 days) between storm main phase and the peak of the response has frustrated the identification of responsible mechanisms. Since the solar wind does not directly contact the electrons in question, some magnetospheric intermediary must more directly provide the energy to the electrons. ULF waves in the Pc5 band have emerged as a possible energy reservoir for relativistic electrons (Rostoker et al. 1998) . The acceleration mechanisms require seed electrons of a few hundred kiloelectron volts, which are usually supplied by substorms and subsequently energized by Pc5 waves. These electron events are not merely a curiosity for scientists, but can have disruptive consequences for geosynchronous spacecraft (Pilipenko et al. 2006) .
Some enhancement in electron energies beyond levels expected from conserving adiabatic invariants at geosynchronous orbit occurs rapidly (within a few hours) at the onset of a magnetic storm, but there is also a slower additional acceleration, so that peak fluxes are often seen only after a number of days. Considerable evidence has been accumulated favouring the existence of a ULF contribution to the later, slower energization of electrons Mathie & Mann 2001; O'Brien et al. 2001; Romanova & Pilipenko 2008) . These studies showed that long duration elevated Pc5 wave power during the recovery phase appeared to discriminate better than any geomagnetic index between those storms that do and do not produce relativistic electrons. Main phase intensity did not appear to be an important indicator of subsequent electron behaviour. This led to proposals for an energization mechanism based on resonant interaction of drifting electrons with coherent Alfven oscillations (Elkington et al. 1999; Liu et al. 1999) . This drift-resonance mechanism is in fact a revival of the old idea of a 'geosynchrotron' (see references in Pokhotelov et al. (1999) ). Thus, any model of relativistic electron dynamics should incorporate adequate information about the ULF wave characteristics during magnetic storms (Perry et al. 2005) .
However, it is still unclear whether Pc5 pulsations during strong storms are physically the same as common Pc5 waves, but are just more intense, or not. The most intense Pc5 waves, with amplitudes exceeding by an order of magnitude than those of common Pc5 pulsations, were observed during the recovery phase of severe magnetic storms . These anomalously strong pulsations were referred to as global Pc5 pulsations (Potapov et al. 2006) because they were observed simultaneously in the morning and evening sectors over a wide range of latitudes. These global Pc5 pulsations were found to be associated with high-speed solar wind streams (HSS). It may be expected that such intense Pc5 waves will produce a significant modulation of energetic particles and can be an effective driver of electron acceleration. In this paper, we consider global Pc5 pulsations of the geomagnetic field and riometric absorption during the recovery phases of the strong, complex magnetic storms that occurred during 29-31 October 2003 (the 'Halloween storm'), and examine their spatial structure and relation to variations of energetic particle fluxes at geosynchronous orbit and interplanetary parameters. These observations raise many important questions about the possible excitation mechanisms of global Pc5 magnetic pulsations and their impact on particle dynamics.
Observational facilities
The interplanetary parameters are characterized by 1 min magnetic and plasma data from the advanced composition explorer (ACE) satellite. The data have been time-shifted to account for propagation effects from the satellite to the magnetopause. However, both the density and velocity of the solar wind was so strong that the ACE instrument was completely saturated and only data in the search mode (approx. 33 min time resolution) are available from approximately 12.40 universal time (UT) on 28 October through approximately 00.50 UT on 31 October (Skoug et al. 2004) . The OMNI data are practically absent for this storm, except for very short time intervals, so they have not been used in this study.
To describe the global structure of H-component (North-South) magnetic disturbances, data from selected stations from the IMAGE, CARISMA/ CANMOS, CPMN, GIMA and Greenland Coastal Arrays of magnetometers have been used. Their corrected geomagnetic (CGM) coordinates and sampling rates are given in table 1. The local structure of magnetic and precipitation disturbances is examined using data from magnetic and riometer stations in Finland and Canada. These stations may be grouped in gradient pairs to reveal propagation effects in the latitudinal and longitudinal directions. The ground observations are augmented by 1 min data from the SOPA particle detectors on board the LANL satellites, which measure electron fluxes in the energy range of 50-26 MeV. In addition, two other geostationary spacecraft, GOES-12 and GOES-10, have been employed to identify magnetospheric ULF wave activity. The GOES fluxgate magnetometers measure, with a 1 min cadence and 0.2 nT sensitivity, three components of the magnetospheric magnetic field: Hp is northward parallel to satellite spin axis and perpendicular to its orbit, He is Earthward along the satellite-Earth line, and Hn is perpendicular to both Hp and He, and directed eastward. The satellite locations are given in table 2. The location of key ground stations and the geomagnetic projections of geostationary satellites are shown in figure 1 for the 05.00 UT epoch.
The space weather event of 29-31 October 2003
During 29-30 October 2003 (the 'Halloween super-storm') a series of three extremely large magnetic storms occurred with intensity |Dst| ∼ 180 nT on approximately 12.00 UT 29.10 (day 302; figure 2a); |Dst| ∼ 380 nT on approximately 24.00 UT 30.10 (day 303; figure 2b); and |Dst| ∼ 400 nT on approximately 00.00 UT 31.10 (day 304; figure 2c ). This series of storms was caused by an extremely fast coronal mass ejection with solar wind velocity V up to approximately 2000 km s −1 and plasma density enhancements up to N ∼ 80 cm −3 . During the storm period the solar wind flow was very irregular, and steep increases of N occurred, especially evident on 31 October, 05.30 UT and 11.00 UT. The solar origin of these storms and various aspects of space weather associated with them were considered in Panasjuk et al. (2004) .
During each storm recovery phase a global intensification of the Pc5 wave activity was observed, namely 29 October 2003 (approx. 10.00-16.00 UT); 30 October 2003 (approx. 05.00-08.00 UT); and 31 October 2003 (approx. 11.00-14.00 UT). The global spatial-temporal dynamics of Pc5 pulsations during these storms was considered in detail by . They noticed several uncommon, and still not well understood, features of Pc5 wave activity. The ULF wave activity substantially intensified (about an order of magnitude larger than typical Pc5 pulsations) during the recovery phases of the 29 October and 31 October storms, but not after the very intense 30 October storm. The elevated level of Pc5 activity is evident from the behaviour of the ULF wave power index on 29 October (figure 2a, bottom panel) and 31 October (figure 2b, bottom panel). This ULF wave power index, derived from the data from a worldwide array of ground stations, characterizes the global wave power intensity in the Pc5 band (Kozyreva et al. 2007) . At the same time, the ULF index indicates that the global Pc5 activity is substantially weaker on 30 October (figure 2b, bottom panel).
The global spatial structures of Pc5 waves were different for each storm: on 29 October maximal intensity (f ∼ 3 mHz) was observed in two latitudinally narrow regions in early morning and post-noon hours, whereas on 31 October very intense Pc5 waves were observed throughout a wide dayside region from approximately 50
• -70
• . Pc5 pulsations along the IMAGE profile demonstrated typical features of resonant structure (latitude-dependent spectral peaks) on 29 October, whereas on 31 October these features were not evident. Moreover, unusually deep penetration of Pc5 pulsations towards lower latitude (down to approx. 50
• , or L ∼ 2.4) on 31 October demonstrated a local minimum of amplitude and phase reversal in the H-component at approximately 58
• latitude (Kleimenova & Kozyreva 2009 ).
(a) Relativistic electron response to magnetic storms
During the 2003 Halloween storm, the radiation belts were strongly distorted; even the slot region was observed to be filled following storm onset (Baker et al. 2004; figure 3) . Starting with the first shock at 01.31 UT on 28 October, the relativistic (2-6 MeV) electron flux increased across the outer radiation zone (L > 4) by about two orders of magnitude in approximately 24 h (from less than 10 to greater than 10 3 ). The Dst excursion at approximately 24.00 UT 30 October In the slot region (2.5 < L < 3), the electron flux increased from approximately 10 2 to 10 3 in approximately 24 h starting on 29 October, and peaked at approximately 6 × 10 3 several days later. The L-value where the maximum occurred moved from L max ∼ 3.5-4.0 29 pre-October to L max ∼ 2.3 by 3 November. This deep penetration of relativistic electrons is consistent with the statistical linear relationship between the outer radiation belt inner boundary and Dst (Tverskaya 2000) .
The rate of radial diffusion by intense ULF waves at the onset of the storm owing to drift resonant acceleration in the slot region was estimated to occur over a time scale of approximately 1 day (Loto'aniu et al. 2006) . Though ULF wave-induced diffusion is an important element of the magnetospheric electron dynamics, to interpret the relativistic electron enhancement in the slot region, local acceleration and pitch-angle scattering in the inner radiation belt provided by plasmaspheric hiss and chorus should be invoked (Shprits et al. 2006) .
ULF wave and riometer activity during 29 October and 31 October storms
We consider in detail the structure of magnetic and riometric Pc5 oscillations during two periods with intense ULF activity: the recovery phases of the 29 October and 31 October storms. On 29 October, Pc5 activity started around 08.00-09.00 UT after the end of the storm main phase and spread to the morning (MEA), noon (NAQ), afternoon (OUL) and night (ZYK) hours (figure 4a). On 31 October, Pc5 pulsations were observed throughout both the morning flank of the magnetosphere, from early morning hours up to pre-noon hours (MEA, ABK, NAQ), and the evening flank, from post-noon to midnight hours (OUL, ZYK, MEA; figure 4b).
Comparison of global ULF wave activity with the AE index (figure 4) shows the tendency mentioned earlier in Samson & Rostoker (1981) and : the excitation of Pc5 pulsations in the morning sector is accompanied by substorm occurrence in the dusk-night sector. Despite the global character of Pc5 magnetic activity, the periodic response in CNA observations can be seen only when a riometer station happens to be in the morning sector, e.g. at MCM on 29 October, and OUL, MCM and TIX on 31 October (figure 5). At the IMAGE profile only the morning burst of Pc5 waves (04.00-08.00 UT) was accompanied by intense oscillations of CNA, whereas the after-midnight and afternoon bursts (02.00-04.00 UT, 11.00-14.00 UT) were not, even though the mean CNA levels were nearly the same. At east-Siberian stations only one of several Pc5 bursts on 31 October, when these stations were in the early morning sector (approx. 05.00 MLT, approx. 21.00 UT), was accompanied by enhancement and quasi-periodic variations of CNA.
(a) ULF wave activity at geosynchronous orbit During the periods of ground Pc5 activity enhancement on 29 October and 31 October, GOES-10 was in the morning sector of the magnetosphere (figure 6). This satellite-detected Pc5 pulsations, most evident in the Hn component. This kind of transverse polarization, for which the radial component (roughly corresponding to He) is much less than the azimuthal component (roughly corresponding to Hn), refers to the toroidal mode Alfven oscillations with small m.
However, the compressional component, as evident from variations of total B field, is also significant and comparable to the transverse components. Therefore, this wave mode cannot be interpreted as mere Alfven field line oscillations. A similar, but less evident structure of ULF disturbance is observed on GOES-12.
(b) Latitudinal structure of magnetic and CNA oscillations Spectra for these events showed a distinctive structure of Pc5 waves: on 29 October there was a latitudinally dependent peak varying from 3.2 mHz at 65
• (IVA) to 5 mHz at 55
• (NUR-TAR), whereas on 31 October two latitude-independent spectral peaks at 2.8 and 3.6 mHz were observed. However, the absence of a regular shift of central frequency with latitude does not yet prove the absence of resonant effects, caused by magnetospheric Alfven wave excitation by an external source. The presence of the resonant effects can be inferred with confidence from gradient analysis (Baransky et al. 1995) : peculiar behaviour of spectral amplitude and phase along longitude. We estimate the latitudinal distribution of amplitude and phase along the geomagnetic longitude approximately 107
• from approximately 66
• (TAR) during the intervals with highest Pc5 activity on 29 October (12.10-12.50 UT) and 31 October (11.00-11.40 UT). The phase shifts between stations have been estimated using cross-spectral analysis. The global latitudinal distribution of amplitude and phase at a selected frequency is shown in figure 7 .
The Pc5 activity on 29 October shows a typical resonant pattern at f ∼ 3.8 mHz (figure 7a). The amplitude distribution has a localized peak at approximately 61
• latitude. At the same range of latitudes, the phase variation has a steep gradient of approximately 100
• , indicating apparent poleward propagation. At higher latitudes, in a non-resonant region, the phase variation is much more smooth. At lower latitudes, far away from the resonant region, irregular phase behaviour is observed. However, the phase estimates at those stations with very low spectral power are not very reliable.
On 31 October, the amplitude phase is distinct from the expected resonant structure (figure 7b). The latitudinal distribution of amplitude at f ∼ 2.9 mHz has a wide maximum centred at approximately 66
• . A secondary peak is observed at lower latitudes, separated by a local minimum at approximately 59
• . The phase variation exhibits a rapid change in the region of the amplitude minimum by approximately 100
• . At the same time, the phase is nearly steady in the region of the amplitude maximum.
(c) Dynamics of ULF power latitudinal structure
To examine the distribution of ULF wave power across L-shells, we applied the technique of F-MLT diagrams, developed in . These diagrams, shown in figure 8, present the hourly integrated spectral power of the H-component of the magnetic field in the 2-6 mHz band as a function of latitude F for the whole day.
On 29 October (figure 8a), a burst of spectral power is observed during the storm onset. Regular Pc5 activity lasts from approximately 09.00 UT to approximately 22.00 UT. During this period the epicentre of Pc5 power gradually shifts towards lower latitudes from approximately 65
• to approximately 58
• . The equatorward boundary of Pc5 activity also shifts to unusually low latitudes, from approximately 55
• to approximately 50
• . It is worth mentioning that the auroral electrojet, as determined from the IMAGE magnetometer profile, shows a similar tendency-a gradual shift to lower latitudes (not shown). Thus, the equatorward boundary of the Pc5 activity moved to the energization region of relativistic electrons in the slot region L < 3.
On 31 October (figure 8b) no equatorward latitudinal shift of Pc5 power can be seen; all ULF activations occur nearly at the same latitude, approximately 60
• -65
• . A stable minimum of pulsation power remains at approximately 56
• . This minimum corresponds to the latitude of the phase-reversal of H component. A weaker, but noticeable Pc5 power extends to lower latitudes beyond the minimum, up to approximately 45
• , and even lower.
(d) Azimuthal propagation
An azimuthal propagation pattern has been revealed by a comparison of Pc5 variations between longitudinally separated stations. As a typical example, we present the analysis of H-component data from the HAN and DOB stations at geomagnetic latitude F ∼ 59
• , separated by DL = 14.8
• in longitude (690 km) between 05.30 and 08.00 UT on 31 October, when the IMAGE array is on the morning side. The wavelet spectra show that the pulsation activity is composed of wave packets at two frequencies: f ∼ 2.8 mHz (T ∼ 360 s) and f ∼ 4.6 mHz (T ∼ 220 s) ( figure 9a,b) . The data have been narrowband-filtered around those frequencies, and cross-correlation analysis has been applied to each wave packet, detected simultaneously at both stations. The estimates corresponding to subintervals, when a wave packet was clearly evident at one station only, have been omitted. The wave packets demonstrate small regular time shifts Dt ∼ 10-20 s, indicating that pulsations propagate westward, i.e. anti-Sunward. The corresponding azimuthal velocities and wavenumbers m have been estimated as
respectively, and are shown for each frequency in the two bottom panels in figure 9 . The estimated values vary from packet to packet in the range m ∼ 0.5-2.5 and V ∼ 40-160 km s −1 . The azimuthal propagation patterns at the dusk flank of the magnetosphere at the geomagnetic latitude F ∼ 65
• are determined using magnetic data from CHD and TIX stations, though the wave activity at this flank is more irregular and strongly influenced by substorm activity. The central frequency of the wave activity at the dusk flank, f ∼ 3.4 mHz, is different from those at the morning flank (not shown). Nonetheless, the observed time lags indicate anti-Sunward (eastward) propagation at dusk flank, too.
The average values at the morning flank of Dt = 15 s at f = 4.6 mHz correspond to m ∼ 1.7 and V ∼ 50 km s −1 . These estimates exceed somewhat the velocities of common Pc5 pulsations, V ∼ 14 km s −1 , at sub-auroral latitudes, obtained by Olson & Rostoker (1978) . Thus, global Pc5 pulsations, similar to common Pc5 pulsations, propagate azimuthally in the anti-Sunward direction at both flanks of the magnetosphere. The large dispersion between various wave trains in the same series of global Pc5 pulsations obtained here indicates that the azimuthal velocity is not determined by the solar wind velocity, which remains constant within 10 per cent around 1000 km s −1 during the whole interval. Riometric Pc5 variations are less coherent between separated stations when compared with magnetic signals, and they do not demonstrate a consistent propagation pattern between IVA and ABK. The cross-correlation coefficient between riometer records at IVA and ABK for the whole interval 05.30-07.00 UT on 31 October achieves a peak value R ∼ 0.33 at lag Dt ∼ 20 s, whereas for magnetic pulsations R ∼ 0.48 and Dt ∼ 15 s. Thus, on average both magnetic and riometer pulsations propagate tailward, though with different apparent velocities. 
(e) Coherency between CNA and magnetic variations
Some similarity between magnetic and CNA Pc5 pulsations is seen at many stations during the intervals with enhanced ULF activity in the morning sector (e.g. at ABK on 31 October, figure 10). The cross-correlation coefficient for the entire interval 05.10-07.00 UT on this day reaches peak values at time shifts approximately 60 s for ABK, and approximately 80 s for IVA. The observed phase leading of CNA variations with respect to magnetic pulsations is traditionally understood as an indication that the near-equatorial region of the magnetosphere is the modulation region, from which energetic electrons and magnetic disturbances propagate towards the ionosphere with different velocities.
However, closer examination of the overlaid magnetic (H-component) and riometer variations (figure 10) shows that they are synchronized only for a relatively short time interval (one to two periods) at approximately 05.40 UT, and beyond this interval correspondence between them is lacking. This visual impression is supported by the cross-correlation coefficient estimated in a running window: R between band-filtered (150-600 s) records reaches significant values only for certain time intervals (e.g. 05.35-05.50 UT). Thus, CNA Pc5 pulsations are not simply a replica of magnetic Pc5 pulsations; their spatial structures both in latitudinal and longitudinal directions are not identical. Only for relatively short periods do their waveforms become synchronized.
Dynamics of energetic particles at geosynchronous orbit
Let us compare the ground ULF wave and CNA activity with the variations of interplanetary parameters and dynamics of energetic particles at geosynchronous orbit. At the time of Pc5 activation at 05.00 UT on 31 October LANL satellites covered the morning flank of the magnetosphere from early morning hours through noon, LANL-90 (approx. 02 MLT), LANL-01 (approx. 05 MLT), LANL-02 (approx. 09 MLT), LANL-97 (approx. 12 MLT), and the evening flank from afternoon to dusk hours: LANL-91 (approx. 18 MLT), LANL-94 (approx. 14 MLÒ) (figure 1). Figure 11 shows the fluxes of electrons J e with energies E = 50-75 keV at the LANL satellites along the electron magnetic drift shell. A sudden drop of J e near noon hours at LANL-02, LANL-97 and LANL-94 at approximately 06.00 UT is caused by the passage of these satellites beyond the compressed dayside magnetopause. In the early morning hours, LANL-90 detects a cloud of injected electrons drifting across the morning side at approximately 06.00 UT. The injection onset coincides with the enhancement of wave activity and CNA at Finnish stations. During the drift the electron cloud spreads out as evident from the comparison of LANL-90 and LANL-01. The electron fluxes in the morning sector (LANL-01) experience intense fluctuations (DJ e /J e ∼ 1) in the Pc5 frequency range for all energy channels, in line with the activation of magnetic pulsations and riometer variations in the morning sector.
Simultaneously with the electron injection, energetic protons (E = 50-400 keV) were injected on the dusk side (not shown). The cloud of injected protons drifted gradually from dusk hours (LANL-91) to early morning hours (LANL-01). The proton fluxes J p also demonstrated intense fluctuations with DJ p /J p ∼ 1 in the Pc5 frequency band in all energy channels from 75-113 to 400-670 keV.
It is necessary to mention that the waveforms of the quasi-periodic Pc5 variations are different for electron and proton detectors, moreover, the waveforms in different energy channels are not similar. These quasi-periodic particle variations do not follow exactly either magnetic pulsations or CNA variations. This sheds some doubt on these coupling processes as merely the modulation of particle fluxes by MHD waves.
Quasi-periodic solar wind variations and ground response
The enhancements of the solar wind density N are irregular and exhibit significant quasi-periodic fluctuations with time scales from a few to ten minutes. Variations of N almost completely determine the variations of the solar wind dynamic pressure P, because V varies noticeably only on much larger time scales.
Comparison of the N variations during the interval 04.00-08.00 UT on 31 October with H-component pulsations at ABK shows a similarity in their dynamics in time (figure 12). Spectra (not shown) for the period 06.10-07.10 UT of N at ACE have spectral peaks at 2.2, 3.3 and 4.1 mHz, whereas on the ground one observes close spectral peaks of magnetic fluctuations, but shifted in frequency to 2.5, 3.9 and 4.7 mHz. Even a better correspondence between the dynamics of N (t) fluctuations and ground pulsations at ABK can be seen for the interval 10.00-14.00 UT on 31 October. Each wave packet detected at ABK has a counterpart in N (t) variations. Similar to the above interval, the spectral peaks at ABK (3.0 and 3.6 mHz) are shifted to higher frequencies when compared with spectral peaks of N fluctuations (2.7 and 3.3 mHz). The comparison of LANL 2.03 × 10 1 Figure 11 . Solar wind density N , AE index, fluxes J e (particle/(keV cm 2 str s)) of electrons with E = 50-75 keV measured at six LANL satellites at geosynchronous orbit, and riometer absorption and magnetic field variations (H-component) at Abisko during the interval 03.00-13.00 UT on 31 October 2003. Triangles and asterisks denote local geomagnetic noon and midnight, respectively.
electron fluctuations and magnetic and CNA pulsations at the same MLT on the ground for intervals with elevated Pc5 activity shows that they are evidently related, but not coherent. To verify further a possible correspondence between irregular enhancements of the solar wind plasma density and magnetospheric Pc5 activity, it would be instructive to make an inter-comparison of all 3 days during the Halloween storm. However, owing to the sparse time resolution and rather poor reliability of the ACE data on 29-30 October it is unfortunately not possible to present convincing evidence of possible pressure fluctuations that could be responsible for the ULF wave stimulation. However, we have inspected other ground-based magnetic data, which are often used as a proxy for changes in the solar wind dynamic pressure. Thus, coordinated analysis of the solar wind variations, particle fluxes in the magnetosphere and magnetic field and CNA pulsations on the ground shows that Pc5 waves on the morning flank occur simultaneously with the injection of the electron and proton clouds. However, though the solar wind velocity is very high all the time, the excitation of Pc5 pulsations occurs not steadily, but only during specific time intervals. Therefore, the Pc5 pulsations observed on the ground are expected to be stimulated by intense solar wind density fluctuations. On the other hand, though the dynamics of the solar wind fluctuations and magnetospheric oscillations are very similar, the observed global Pc5 pulsations are not just a forced MHD response to solar wind forcing.
Discussion
Long-period magnetospheric oscillations can be excited either by large-scale sources, such as a boundary layer shear velocity KHI, solar wind pressure variations or small-scale sources such as fluxes of energetic particles. Differences in generation sources are expected to be revealed in the difference between the transverse spatial structures, polarization and propagation velocities of such waves. Large-scale sources predominantly excite MHD oscillations with large azimuthal scale, or small m, which can effectively penetrate into the inner magnetosphere and resonantly excite Alfven field line oscillations. In the azimuthal direction, these waves are expected to propagate in the same direction as the solar wind flow, that is anti-Sunward. Energetic particles with nonMaxwellian distributions over velocities or space generate small-scale, that is m 1, field line oscillations. This theoretical notion has been supported by direct measurements of the azimuthal scale of storm-time Pc5 using ionospheric radars (see references in the review by Pilipenko (1990) ). These oscillations are expected to propagate in the same azimuthal direction as the particle drift, i.e. sunward. Such small-scale oscillations are considerably screened by the ionosphere from ground magnetometers. This screening may explain situations when periodic fluctuations of CNA were not accompanied by similar magnetic pulsations (Krishnaswamy & Rosenberg 1987) .
Consideration of the global Pc5 events presented here raises important questions about the physical nature and generation mechanisms of ULF pulsations and their impact on magnetospheric particles during strong magnetic storms. It has been assumed traditionally that the KHI of the interface between the solar wind flow and the magnetosphere is the main generator of large-scale Pc5 pulsations. Global MHD simulations of the steady solar wind-magnetosphere interaction indeed showed the generation of surface waves driven by the KHI at the flanks of the magnetopause or inner boundary of the low-latitude boundary layer (Claudepierre et al. 2008) . However, in the events considered here one can see that favourable conditions for the KHI, though necessary, are not sufficient: Pc5 excitation has been evidently stimulated by solar wind density fluctuations. Indeed, during all storms, the solar wind V is very high, but Pc5 pulsations occur on 29 October and 31 October only during specific time intervals, triggered by solar wind density fluctuations. In contrast, on 30 October, the solar wind N is rather steady, without significant fluctuations. The lack of noticeable density fluctuations, despite a very high solar wind velocity, evidently results in a low level of ULF activity on this day.
The global nature of Pc5 oscillations may prompt a suggestion that these pulsations are coherent eigenoscillations of the whole magnetospheric cavity. However, examination of the local spatial structure of Pc5 pulsations has revealed an azimuthal propagation pattern. This excludes the possibility of interpreting these global Pc5 waves as cavity oscillations. We also note that the mechanism of kinetic instabilities, successfully applied for the interpretation of small-scale (m ∼ 30-100) Pc5 excitation by partial ring current protons in the evening sector, cannot be directly applied to the interpretation of global Pc5 wave generation. The Pc5 waves observed are well observed on the ground and cannot be poloidal small-scale waves; this has been confirmed by direct m measurements.
The possibility of triggered Pc5 wave excitation might be related to a qualitative distinction in regimes of the solar wind flow around the magnetosphere boundary under moderate and high velocities. Under conditions of moderate V , unstable oscillations are localized at the magnetopause and decay exponentially inside the magnetosphere. Owing to resonant effects, the surface oscillations induce a localized field line response of a resonant magnetic shell (electronic supplementary material). These oscillations do not grow to large amplitudes because they are convected rapidly by the solar wind into the magnetotail. Under high V conditions, the magnetosphere-magnetosheath interface becomes overreflecting, that is, magnetospheric MHD modes are amplified upon reflection from this moving boundary . In this case, growing disturbances are not oscillations localized at the boundary, but oscillations of the entire MHD waveguide formed between the magnetopause and a reflection point deep in the magnetosphere (Wright 1994) . In a realistic magnetosphere, probably, the rigid regime of waveguide excitation is realized, for which a finite-amplitude initial disturbance is necessary. The necessary disturbances can be provided by solar wind plasma variations, as in the Halloween storm, or by the injection of an energetic electron cloud, as in the 21 November 2003 storm.
Solar wind buffeting can produce a seminal MHD disturbance with a wide spectrum of frequencies and wavenumbers. The group velocity in the azimuthal direction (Y -axis) of an MHD mode trapped in the rectangular waveguide can be estimated as (Wright 1994) . Further, small-scale disturbances with m = k y LR E 1 are convected rapidly with velocity V g ≈ V A into the magnetotail, whereas large-scale disturbances with m ∼1 and V g V A remain for a longer time in the MHD waveguide and grow to high amplitudes. Thus, the waveguide dispersion results in the selection of modes with small m. The frequency of these modes is determined by the quantization condition k X L X ∼ pn. Estimates of the fundamental quarter-wavelength mode T ∼ 4L X /V A match the period of global Pc5 pulsations of approximately 6 min, assuming L X ∼ 5R E and V A ∼ 400 km s −1 . The phase reversal near the local latitudinal minimum of global Pc5 pulsations can be related to the node in the radial structure of the waveguide mode. The low magnitude of the Alfven velocity is due to the dominance of O+ ions in the magnetosphere during the recovery phase of strong magnetic storms.
An additional possibility for the stimulation of magnetospheric MHD oscillations is related to sporadic pressure enhancements in an unsteady solar wind flow. A pressure jump with amplitude DP and front thickness d causes the displacement of the magnetopause to a new position, and during this displacement, the boundary moves with acceleration g. The addition of the inertia force F = rg ∼ DP/d to the force balance at the boundary results in an increase of the KHI growth rate (Mishin 1993) . This increase may be visualized as a 'plug-in' of the Rayleigh-Taylor instability into the KHI. According to this mechanism, the evolution of ULF waves should correspond better to the derivative of pressure vP(t)/vt than to pressure itself P(t), if during an accelerated motion of the magnetopause disturbances would grow to a noticeable magnitude, that is g −1 > t. Therefore, the magnetospheric ULF spectra are to be shifted to higher frequencies when compared with the spectra of the solar wind pressure fluctuations, e.g. H (f ) ∼ fP(f ). This shift has been noticed during the comparison of the spectra of N (f ) fluctuations and ground pulsations H (f ) in the 31 October event.
Examination of the spatial structure of geomagnetic ULF pulsations has suggested that the physical mechanisms of intense Pc5 pulsations on 29 October and 31 October are different. The 29 October event shows the presence of specific resonant distortions: latitudinal variation of the spectral power content and apparent poleward phase propagation. Thus, the observed Pc5 pulsations on this day are produced by the resonant excitation of Alfven field line oscillations. During the 31 October event, the resonant features are very weak, and this event is better described as a result of magnetospheric waveguide excitation.
The events presented here show that traditional notions that periodic variations of particle fluxes in the magnetosphere and CNA in the ionosphere are due entirely to passive ULF wave modulation are insufficient. Even the comparison of magnetograms and riograms demonstrates that synchronization between magnetic and CNA pulsations occurs only for a limited time period. This situation resembles the synchronization of two weakly coupled oscillatory systems. These systems may be an MHD waveguide/resonator and a system consisting of cyclotron turbulence and electrons. The latter system is described by equations from quasi-linear theory, which have the form of balance equations with their own quasi-periodic solutions.
In a collisionless near-Earth plasma, pitch-angle diffusion of electrons occurs owing to their interaction with electron-cyclotron waves. In the approximation of weak pitch-angle diffusion, the quasi-linear theory equations are reduced to the equations of balance between the number of electrons N e in a flux tube and turbulent noise energy W . Analysis of these equations showed that relaxation oscillations could take place in this combined cyclotron turbulence and electrons system (Bespalov 1981) . The eigenfrequency of these oscillations U is determined by the particle source power F and the averaged turbulence growth rate g = g o N/2, namely U 2 = g o F . In a steady state F = 2S , where S is the flux density of electrons precipitating into the ionosphere, hence U 2 = 2g o S . The quality factor of relaxation oscillations is determined by the turbulence decay rate y: Q = U/2y. The occurrence of these eigenoscillations makes the electron fluxes sensitive to external periodic disturbances with frequencies close to U. Thus, in the region of energetic electron injection two coupled resonant contours occur: the MHD waveguide/resonator with characteristic frequency U A and the combined system electrons + electron-cyclotron turbulence with eigenfrequency U. During the moments when these frequencies match, U ∼ U A , the synchronization of these two resonant systems can occur. Probably, this possibility has been realized in the events presented here. The short duration of synchronization is due to the frequency mismatch because of temporal variations of U(t).
Summarizing, the global Pc5 pulsations during the recovery phases of strong magnetic storms caused by HSS are distinct from common Pc5 waves. This fact should be accounted for by any adequate models of relativistic electron diffusion-acceleration by MHD waves/turbulence. In particular, the following peculiarities of ULF wave activity during strong magnetic storms should be taken into consideration:
-The Pc5 excitation is produced by the combined effect of the high solar wind stream and elevated density fluctuations, triggering the KHI; -The magnetospheric Pc5 waves can not be just localized Alfven field line oscillations, but more global MHD oscillations of the magnetospheric waveguide with a significant compressional component; -The region with intense Pc5 power can penetrate to much lower L-shells, similar to the equatorward shift of the auroral electrojet and relativistic electron fluxes; -The geomagnetic oscillations are coupled with periodic fluctuations of energetic magnetospheric particles.
Conclusion
We suggest that the high-speed solar wind flow around the morning flank of the magnetosphere results in the formation of a meta-stable system: a MHD waveguide with a over-reflecting boundary. Spontaneous growth of thermal fluctuations (soft excitation) in such a system cannot be realized, because longgrowing disturbances are convected into the magnetotail. For the rigid excitation of the system an initial disturbance of a finite magnitude is necessary, which then stimulates growth of magnetospheric waveguide modes. Such a disturbance is produced by periodic fluctuations of the solar wind density.
In the region of electron injection, an interaction occurs between the MHD waveguide modes and relaxation oscillations of electron fluxes. This interaction cannot be visualized as a mere modulation of electron fluxes by MHD waves, but is revealed as a short-term synchronization between geomagnetic waves and riometric pulsations.
Any adequate models of relativistic electron dynamics should incorporate realistic information about the ULF wave characteristics during magnetic storms. Effective Pc5 excitation is produced by the combined effect of the high solar wind stream and elevated density fluctuations. Magnetospheric Pc5 waves can be either localized Alfven field line oscillations or MHD oscillations of the magnetospheric waveguide. The Pc5 dynamics during magnetic storm has the same tendency of equatorward shift as has been observed for the auroral electrojet and relativistic electron fluxes. In contrast to Alfven oscillations, the MHD waveguide modes have a considerable compressional component, as has been evidenced by GOES data. Therefore, global Pc5 pulsations could be a more efficient driver for relativistic electrons than traditional Alfvenic Pc5 pulsations. This possibility should be considered by adequate models of electron dynamics.
